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CO Oxidation on Palladium. 1. A Combined Kinetic-infrared Reflection Absorption
Spectroscopic Study of Pd(,00) D T fJ
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__ The oxidation of carbon monoxide on a Pd(100) single-crystal catalyst was studied using gn elevated pressure
(j J IR cell/ultrahigh vacuum surface analysis system. The kinetics of the reaction was followcd by monitoring'-.

i •. the total pressure change during the course of the reaction. Simultaneously, the surface concentration of
adsorbed CO was measured using IR reflection absorption spectroscopy. An activation energy of 29.4 4- 0.3

Ila kcal/mol was found between 500 and 575 K at a total pressure of 1.50 Torr and CO/O 2 - 2. The IR data
___ obtained under reaction conditions show the CO coverage to vary between 0.45 and 0.55 monolayers (ML).
__For this coverage regime, the CO heat of adsorption was determined to be 29 + 2 kcal/mol, corresponding

closely to the apparent activation energy. Between 0.5 and 10.0 Torr. negative first-order CO and positive
first-ordcr oxygen pressure dependencies wcrc nicasurcel. yielding a zcro-ordcr total pressure dependence of the
reaclion rate. No change in CO coverage wlas obscrvcd with a change in the oxygen pressure, while the CO
coverage iizcrcascd froan 0.50. ML at PU4) = 0.50 "orr to 0.55 ML at Pco - 8.0 Torr.- ,,,...D uL'o~ , •.Jm b "A& L MAr, I ASi i tii

Appsimd kw pubUi r*UaMx
Introduction 1 described in the following paper is todcmonstratea correspondence

between the CO heat of adsorption and the apparent activation
Becauscofitsimportanceinautomotiveandinadustrialpollution energy for CO oxidation on a Pd catalyst under a variety of

control, the oxidation of carbon monoxide is one of the most conditions, particularly those that yield CO coverages near
extensively studied reactions on supported'-" and single-crystal saturation. Theseresultsalsoaddresissuesrelevanttothedegree
(Pt, Pd, Rh, and Ru) catalysts.'-2 Besides its practical impor- and the nature of structure sensitivity of CO oxidation on Pd
lance, CO oxidation is an excellent example of a relatively simple catalysts.
heterogeneous catalytic reaction suitable for study over a wide
range of reaction conditions, from ultrahigh vacuum to elevated Experimental Section
pressures. From the extensive studies of this reaction over a
variety of catalysts, some general conclusionscan be drawn about The experiments were carried out in a combined elevated-
the mechanism of CO oxidation. Thc reaction, in general. follows pressure IR cell/UHVsurfaceanalyissystem described in detail
a Langmuir-Hinshelwood mechanism in that the reaction takes elscwhcre.3-' The UIIV chamber is equipped with the basic
placcbetweenchernisorbcdCOanddissociativclyaadsorbedoxygen surface analytical techniques of Auger electron spectroscopy
atoms. Since the adsorption of CO occurs preferentially tooxygen. (AES), low-energy clectron diffraction (LEED).and temperature-
the catalyst surface is covered predominantly by CO. resulting programmed desorption (TPD). The elevated-pressure IR cell,
in a COdesorption-limitcd rate under typical reaction conditions. equipped with two CaF, windows, is connected to the UHV
This dominance of the surface by CO leads to the rate being chamber via a double-differentially pumped sliding seal.34 This
negative order with respect to the CO partial pressure. For the arrangement facilitates elevated-pressure adsorption and kinetic
oxygen partial pressure, a positive order is found. The rate, studies in the pressure range of 10-8-103 Torr. The pressure in
therefore, isessentially zeroorderwith respect tothe total pressure. the IR cell was monitored with a nude ionization gauge in the

-... The oxidation of carbon monoxide is generally considered as pressure range of I X >0-I X 10-3 Torr and with a 10-Torr
the prototypical structure insensitive reaction.10 *" Because CO Theatron gugerateprssure cr o 10n aorr.
desorption limits the reaction, the apparent activation energy for The IRAS experiments were carried out using a slightlyCO xiatonona particular metal has been found to track the modified Cygnus 100 spectrometer equipped with a mercury
CO oxidation on thar metal has notorack he cadmium telluride (MCT) detector. The CO adsorption spectra
that for certain metals the CO heat of adsorption is known to be were obtained with 512 scans in the single-reflection mode withstructure sensitive. For example, on the low-index planes of Pd 8-cm-' resolution. In the kinetic studies, in order to shorten ther(t00), (e10), and (Fo ea) o the CO h eats of adsorption vary spectral acquisition time, 16 scans with 16-cm-1 resolution weresignificantly with coverage, particularly at the high-coverage used, reducing the collection time for each spectrum to 8 s. Thelimit.g'-" Indeed, recent studies of CO oxidation on Pd( 100), catalytic experiments were carried out in the batch mode, andPd(110), and Pd( l i) indicate a subtle structure sensitivity for the reaction kinetics were followed by monitoring the total pressurehid( 10), change in the reaction cell.
this reaction.5  

The Pd(100) crystal was mounted on tantalum leads and was
Infrared reflection absorption spectroscopy (I RAS) has been heated resistively. The crystal temperatures was monitored by

shown to be an ideal tool for studying metal catalysts under a W-5%Re/W-26%Re thermocouple spotwelded to the edge of
working conditions at elevated pressures.2--'8  In this paper we the crystal. The sample manipulator also allowed cooling of the
report results of a study of carbon monoxide oxidation on a Pd-(100 ca aly t a el vat d p essu es sin a omb ned IR A / sm p Cl 0t 90 K . T hesam plecleaning procedure was that discussed
(100) catalyst at elevated pressures using a combined IRAS/ in ref35. followed by an anneal to 1200 K. AES and LEED were
kinetic approach. The main goal of this investigation and that utilized to verify sample cleanliness and the long range order of

the crystal, respectively.
'To whom correspondence should be addressed. Research purity (>99.999%, Matheson) CO and 0 were used;

Present address: Los Alamos National Laboratory, CLS.I. MS J565.
Los Alamo., NM 87545. COwasfurtherpurified by storingat liquid nitrogen temperature

*Abstract published In Advance ASC Abstracts. February I. 1994. throughout the study to ensure the removal of any transition-
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Figure 1. Total pressure change during the oxidation of carbon monoxide
on Pd(100) as a function of reaction time, Pco - 1.00 Torr, Pol - 0.50
Torr,

0.1 -

metal (Ni, Fe) carbonyl impurities; oxygen was used as received. 1.75 1.85 1.95 2.05 2.15

CO-0 2 gas mixtures with the desired ratios were prepared in the 1/T X 103 (K"')
reaction cell prior to the catalytic measurements. Figure 2. Specific CO 2 formation rates on Pd(100) as a function of

temperature in Arrhcnius form. Pco 1.00 Torrv Po2 0.50 Torr.
Results and Discussion

The effect of reaction temperature on the CO2 formation rate
was determined in the temperature range of 500-575 K using a o. .• CO/Pd(100)

CO/0 2 = 2 reactant gas mixture at a total pressure of 1.5 Torr. o
The total pressurechangeasa function of reaction time isdisplayed o
in Figure 1. At low reaction temperatures (500-530 K), the 6 0.8
total pressure changes linearly with reaction time over the entire ?0.8 0 \
reaction period. For reaction temperatures >530 K and at a . A •
particular CO conversion, a sharp break in the data is evident.
Subsequent to this break, the total pressure changes much more .E 0.6

slowly relative to the initial portion of the reaction. The higher Lo

the reaction temperature, the lower the CO conversion corre- P0,Torr \ \
sponding to the break in the data. c 0.4 a 104

Since the catalyst surface is predominantly covered by CO, .1
theoverall rate-determining step is the desorption ofCOa process 0 1310'

that frees adsorption sites for the adsorption of oxygen. In the 0.2 0 1x10"

low CO conversion regime, this mechanism is operative and an
increase in the reaction rate with increasing temperature is
observed. The breaks in the data of the total pressure change 0\

versus reaction time represent points at which the conversion of 100 200 300 400 500 600 700

CO is sufficient to reduce its partial pressure below the critical Temporaturo, K

CO-limiting coverage at that particular temperature. Further Figure3. RcprescntativeCO adsorption isobarson Pd(100) at pressures
reaction leads to a further reduction in the CO partial pressure of I X 10 7, 1 X t0-6, I X 10-5, and I x 10-4 Torr.
(and coverage), yielding a steadily decreasing reaction rate. At
sufficiently high CO conversion, the rate is essentially independent (decreasing adsorption temperature) up to an integrated intensity
of temperature, reflecting the compensating effect of the reduced of '-0.8, at which point discontinuities are apparent in the plots.
CO coverage on the overall reaction rate. IRAS confirms this The points of discontinuity in the plots correspond to a CO
explanation in that, subsequent tothe breaksin thedataofFigure coverage of '-0.5 ML, that CO coverage at which a commen-
i, no CO was detected on the surface. surate-incommensurateCO phase transition is known tooccur.37

From the slopes of these data, initial CO2 formation rates can Above 0.5 ML coverage several compressed CO overlayer
be extracted. Specific CO 2 formation rates as a function of structures have been noted for Pd(100).37 This compression of
reaction temperature are shown in Figure 2 in Arrhenius form. the CO results in a strongly repulsive interaction among
From the slope of this plot an apparent activation energy of 24.6 neighboring adsorbed CO molecules, yielding a dramatic change
* 0.3 kcal/mol is derived, a value approximately 2 kcal/mol in the dynamic dipole moments of the adsorbed CO molecules.
higher than that reported by Logan et al. for this catalyst."6 This, in turn, results in the altered IR absorption cross sections.37

To establish a correlation between the CO heat of adsorption These changes in the IR absorption cross sections give rise to the
and the apparent activation energy for the CO oxidation reaction, attenuation of the integrated I R intensities at CO coverages above
the adsorption of CO was studied over the pressure and 0.5ML. An increase in the CO coverage significantly above 0.5
temperature ranges of I 0-7_10.Torr and 90-1000 K, respectively. ML leads to a further increase in the IR intensity up toa saturation
The results of this adsorption study are discussed in detail coverage of 0.8 ML. Because of the uncertainty in the coverage
S elswhere 6 and can be used to determine the CO heat ofadsorption versus I R intensity relationship above a CO coverage of 0.5 ML,
on Pd(100) as a function of coverage. In Figure 3 the integrated only those data corresponding to a CO coverage <0.5 ML will
IR intensities are plotted asa function of adsorption temperature be discussed.
for some representative CO pressures. The integrated IR The results here conflict with the previous data of Ortega et
intensities increase monotonically with increasing CO coverage al.,38 who noted that the integrated IR intensity increased linearly
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Figure 6. Stretching frequency of adsorbed CO on Pd(100) as a function
of reaction temperature. Pco - 1.00 Torr; Pol - 0.50 Torr.

40 - fBehm et al. 40 determined the coverage-dependent isosteric heats

40 0 0 ofadsorption utilizing work function data. The agreement among
the results of these three studies at low CO coverages is reasonably

0 • ~good. In this study an isosteric CO heat of adsorption of 38.6"_0, kcal/moi was determined at a coverage of 0.05 ML. The CO

heat of adsorption decreased monotonically with increasing

830- coverage. The initial heat of adsorption is indentical, within the
limit of experimental error, to that found by Behm ct al. 40 but

a + approximately 3 kcal/mol higher than that determined by Tracyanrd Palmberg 23 However, as the coverage increases, the CO
* This work a heats of adsorption obtained here follow very closely the values

20 o .- , ,. e1 s aL 113obtained by Tracy and Palmberg.23 Practically no decrease in
oTracy and P•,mberg 1178) the CO heat of adsorption was seen by Behm et al, 0 over a very

wide CO coverage region of 0.00-0.45 ML. It is noteworthy that

in a previous study 36 the IR frequency of adsorbed CO has been

0.10 0.20 0.30 0.40 0.50 0.60 shown to significantly blue-shift with increasing coverage in the
Coverage, ML range of 0.00-0.45 ML, consistent with a weakening of the Pd-

CO bond and to a reduction in the CO heat of adsorption.Figure 5. Isosteric heats of adsorption or CO on Pd( 100) as a function

of CO coverage. (For comparison, data obtained by Tracy et al.23 and Toestablisha direct correlation between the apparentactivation
Behm et al.40 are also displayed.) energy for CO oxidation and the CO heat of adsorption determined

from the IR study, the surface coverage of CO was estimated

up to 0.5 ML and then remained constant. However, a careful under reaction conditions using IRAS. In the initial, constant

examination of their data in Figure 9 of ref 38 reveals that there reaction rate region, IR spectra of adsorbed CO were acquired
is indeed a decrease in the integrated IR intensity at the point at each reaction temperature. The C-O stretching frequency
of the CO phase transition, followed by an increase in the under steady-state reaction conditions as a function of reaction

integrated intensity at higher CO coverages. A similar behavior temperature is shown in Figure 6. The C-O stretching frequency
has been observed for the CO/Pd(l 11) system (following paper) of adsorbed CO decreases monotonically with increasing reaction
where two phase transitions occur.39 These results suggest that temperature, consistent with a reduction in the CO coverage with
discontinuities in the adsorption isobars likely will be evident in increasing reaction temperature. The C-O stretching frequency

those adsorption systems in which such phase transitions take decreases from 1968 to 1947 cm-' as the reaction temperature
place. increases from 500 to 575 K. Since the oxygen coverage under

From the adsorption isobars of Figure 3. isosteric plots of In- these conditions is insignificant, these stretching frequencies can

(Pco) versus l/T can be constructed for various CO coverages. be used to estimate the surface coverages of CO on the basis of

rhe single assumption made is that identical integrated IR the measured stretching frequency-coverage calibration curve.'

intensitiescorrespondto identical COcoverages. Representative The frequency range 1968-1947 cm-1 suggests a CO coverage

isosteric plots for the CO/Pd(100) system arc shown in Figure rangeofO.45-0.55 ML, corresponding toa CO ovcrlayer structure
4. In previous studies,36 the adsorption of CO on Pi k,100) has characterized by a c(2-/2 X V2)R450 LEED structure. The

b.cn observed to bc completely reversible over the entire coverage CO heat ofadsorption within this coverage range is approximately
regime; therefore, the Clausius-Clapeyron equation (d(ln P)/ 29 kcal/moi, a valuevery close tothe 29.4-k 0.3 kcal/mol apparent

d(1/T) - -E/R) can be used to estimate the CO heat of activation energy determined for the CO oxidation reaction in

adsorption. The isosteric heats of adsorption of CO as a function the 500-575 K temperature range.
of coverage are shown in Figure 5. Uncertainties in determining Logan et al.16 have studied the oxidation of CO on Pd(100)
the integrated IR intensities lead to a 12 kcal/mol error. For under identical reaction conditions and have drawn very similar
comparison, data obtained by Tracy and Palmberg23 and Behm conclusions. However, in their study no direct spectroscopic
etal.oare included. The Tracy and Palmbergdata23 werederived evidence was available to determine the precise CO coverages
using work function measurements and LEED analysis, whereas under reaction conditions. These authors assumed that the CO
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as a function of reaction time at CO partial pressures of 8.00, 4.00, 3.00,

2.00, 1.00, and 0.50 Torr. Po2 2.00 Torr; T -500 K.
T 500K

coverage on Pd(100) at Pco = 1.00 Torr was approximately 0.5 0

ML, yielding very similar heats of adsorption and apparent -

activation energies. Logan et al. also studied the effect of the 1.50 - PC0- 'cr-

total pressure on the kinetics of CO oxidation using two different P PoZcrr 0

total pressures while maintaining a constant CO/0 2 = 2 reactant

gas mixture. Under the reaction conditions identical to those
employed here, these authors found an apparent activation energy '1.O0- /
of 27 kcal/mol. With an increase in the total pressure from 1.5 * /
to 24 Torr, Logan et al. observed a decrease in the activation -o
energies from 27 to 21 kcal/mol. The difference in the apparent I
activation energies was explained to arise from different CO
coverages under the two reaction conditions, resulting in different 0.5o 0

CO heats of adsorption. They concluded that the CO coverage E
at Pco = 1.00 Torr was near 0.5 ML and that at Pco = 16.0 Torr
near 0.55 ML. This small increase in CO coverage is sufficient -
to lead to a decrease of 6 kcal/mol in the CO heat of adsorption. 0.00 -

The results of our IR experiments show that this is indeed the R=k Po Po
case. The IR spectrum of adsorbed CO at Pco = 10.0 Torr and I "2I]
T - 525 K yields a C-O stretching frequency of 1975 cm-', II

which corresponds to a CO coverage of slightly above 0.55 ML. -o.so - I
The corresponding heat of CO adsorption at this coverage is 20 -0.20 0.00 0.20 0.40 0.60 0.00 1.00

keal/mol, which agrees well with the 21 kcal/mol activation energy Log(P'Torr)

for CO oxidation on Pd(100) reported by Logan ct al.6 at Pco Flgure9. SpecificCO 2 formationrateon Pd(100)asa functionofoxygen

, 16.0 Torr. (0) and CO (0) partial pressures. T - 500 K.

The reaction rate dependences on the partial pressures of CO
and O2 were also studied and are shown in Figures 7 and 8. In in Figure 7, as noted for the breaks in the data of Figure 1, shows

both cases the total pressurechanges were monitored as a function no detectable CO on the surface.

of reaction time for different reactant mixtures at 500 K. The From the slopes of these plots, the initial reaction rates can be

total pressure changes linearly with reaction time for stoichio- determined for the CO and oxygen partial pressure dependencies.

metric CO/0 2 mixtures throughout the reaction period. A slight These results arc shown in Figure 9, in which the specific CO 2

increasein theoxygen partial pressure above stoichiometry results formation rates are plotted versus the partial pressures of the

in a deviation of the rate from linearity. This increasing rate reactants in logarithmic forms. The slopes of these plots define

with reaction time reflects the steadily increasing 0 2/CO ratio the order of the reaction rate with respect to the reactant partial

with time for these mixtures. A break in each plot of total pressure pressure. With respect to the oxygen partial pressure, this value

change versus reaction time occurs at CO conversions that yield is 1.2; with respect to the CO pressure, the dependency is -1.2.

approximately the same residual CO partial pressure. As Both are in excellent agreement with the orders determined by

discussed above, theis break corresponds to that point at which Loganct al.' 6 Thccombined dcpcndcnciesoO 2 and COsuggest

the CO partial pressure falls below that required to achieve a that the overall reaction rate is zero order in total pressure within

critical CO-limiting coverage at 500 K (-0.2 Torr). For Pco the limited pressure range of this study.

< 2.0 Torr in Figure 7, breaks in the plots occur at points In both the CO and 02 partial pressure studies, IRAS was
corresponding to Pco - 0.2 Torr (APt., .- 0.18 Torr for Pco used to follow the surface coverage of CO during reaction. No
- 0.50 Torr, and APm., - 0.36 Torr for Pco = 1.00 Torr). The change in the stretching frequency of adsorbed CO (1964 cm-')
total preasurechanges linearly with reaction timeduring theentire was observed while the oxygen pressure was changed over the
reaction for CO/0 2> 2 since the partial pressure ofCO for these range 0.5-8.0 Torr; the 1964-cm-' C-O stretching frequency
mixtures never falls below the critical CO-limiting value of -0.2 corresponds to a CO coverage of -0.5 ML. Although no change
Torr. IRAS inspection of the surface subsequent to the breaks in CO coverage was apparent, the reaction rate increased (first-
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P T adsorption at low coverages on these three surfaces are very close
Pq-2.OOTorr and fall in the range of 35-40 kcal/mol. Under the conditions
T=500K typically used in CO oxidation studies, low CO coverages are not

1980 realized; low coverages are found only at very high reaction
temperatures or at very low CO/0 2 ratios. However, the CO
heats of adsorption for the (111), (110), and (100) faces of Pd

1975 change characteristically with COcoverage. There aresignificant

; differences in the CO heats of adsorption on the different low-
index planes of Pd crystals in the CO coverage range of 0.4-0.6

E M L, a coverage that is realized at typical CO oxidation conditions.
C3 1970 For example, at 0co = 0.50 the CO heats of adsorption are 17,33

33,12 and 29 kcal/mo12' for the (111), (110), and (100) faces of
Pd, respectively. The results of this study suggest that, as far as

1965 the CO heat of adsorption is structure sensitive, the oxidation of
CO should be structure sensitive as well. The apparent structure
insensitivity of the CO oxidation reaction on Pd catalysts reported

1960 1 , , . to date is likely due to the varying CO coverages realized for
0.00 2.00 4.00 6.00 8.00 different crystal orientations at similar reaction conditions. Our

PcooTorr adsorption 29.3' and kinetic9 studies have shown that the CO
Flpre 10. Stretching frequency of adsorbed COon Pd(1 00) as a function coverages on different Pd crystal faces are significantly different
of CO partial pressure. Po2 - 2.00 Torr; T - 500 K. under identical experimental conditions. These variations in the

CO coverages, and the accompanying differencies in the heats
order) with P02 . The increasing oxygen pressure, however, does of adsorption of CO, can mask any intrinsic structure sensitivity.
not measurably alter the composition of the adsorbed surface Experiments in which the CO oxidation reaction is carried out
layer. That is, even in the 02 rich CO/O 2 mixtures studied, CO under conditions that produce identical steady-state CO surface
adsorbs preferentially on the Pd(100) surface. That the CO coverages on different Pd surfaces could verify the structure-
adsorption is unaffected by 02 adsorption is apparent in Figure sensitive nature of the reaction.
8 in that the breaks in the data for P02 ?: 1.00 Torr occur at
identical partial pressures of CO (-0.2 Torr). This behavior Summary
reflects the invariance of the CO adsorption energy for each of (1) An apparent activation energy of 29.4 * 0.3 kcal/mol is
these reaction conditions. foun fo re atio ation energy of 294--0. alamol

In contrast to the oxygen partial pressure study, a change in found for the oxidation of carbon monoxide on Pd( 100)tat a total
the CO partial pressure produced a shift in the C-O stretching pressure of 1.5 Tort and CO/O2 = 2 in the temperature range
frequency, even in the very limited CO partial pressure range of of 500-575 K. In situ IRAS measurements show that the CO
0.5-8.0 Torr. Figure 10 shows the C-O stretching frequency as coverage at these reaction conditions is 0.45-0.55 ML, yielding
a function of the CO partial pressure. From these frequencies, a CO heat of adsorption of 29 . 2 kal/mol.
CO surfacecoverages under reaction conditions can be estimated. (2) Positive first-order oxygen and negative first-order CO
For example, the surface CO coverage at Pco = 0.50 Torr is partial pressure dependencies oftheoverall reaction rate areseenapproximately 0.50; at Pco = 8.0 Torr the CO coverage is in the pressure range of 0.5-10.0 Torr.
significantly greater than 0.5 ML. This means that an increase (3) In the very limited CO partial pressure range of 0.5-8.0in CO prureate from 0.5 to 8.0 Torr is sufficient to promote the Torr, the CO coverage increases from 0.50 to 0.55 ML. ThisCO phase transition, yielding a compressed CO overlayer coverage region extends over the entire range at which the COstructure. overlayer undergoes a phase transition to a compressed CO

The results of our elevated-pressure CO adsorption IR adlaycr. Formation of the compressed layer significantly lowers

experiments are useful in explaining the CO and 02 partial the adsorption energy of CO.
pressure dependencies observed by Logan et al. 22 These authors (4) The correlations found between the heats of adsorption of

CO and the apparent activation energies for CO oxidation onobserved a decrease in the order of oxygen partial pressure

dependency upon an increase in the CO partial pressure from I Pd( 100) suggest that the oxidation of carbon monoxide on Pd is

to l6Torr. First-orderreactionratedependenceonoxygenpartial a structure-sensitive reaction to the extent that CO adsorption
pressure was observed at CO coverages below 0.5 ML, e.g. Pco is structure sensitive.
= 1.00 Torr. However, at Pco = 16.0 Torr the CO coverage is Acknowledgment. We acknowledge with pleasure the support
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